Abstract: The addition of phosphinoboronate ester Ph2PBpin (pin = 1,2-O2C2Me4) (1) to a number of different N-heterocycles has been investigated. Reaction of 1 with pyridine resulted in highly selective formation of the corresponding 1,4-addition product, with addition of the electron-deficient Bpin group to the pyridine nitrogen atom and the phosphido group to the para carbon atom. Conversely, reactions of para-substituted pyridine derivatives occurred predominately to afford 1,2-addition products while quinoline reacted to afford the 1,2-adduct which ultimately isomerized to afford the corresponding 1,4-addition product.
Introduction
The oxidation and reduction cycles of substituted pyridine derivatives are of great interest because the NADH/NAD + conversion is integral to many biological systems [1] while their synthetic mimics, the Hantzsch esters, have been widely utilized as stoichiometric reducing agents in synthetic organic chemistry. [2] In addition, the dihydropyridine motif is a key component in a range of bioactive compounds and natural products [3] as well as a useful intermediate in the synthesis of complex nitrogen containing heterocyclic targets. [4] Despite their importance, the reduction of aromatic N-heterocycles remains a significant synthetic challenge and the majority of strategies rely on stoichiometric activation, where harsh reaction conditions often result in competing over-reduction and poor selectivity. [5] For instance, the most common method involves hydrogenation of pyridine using Raney nickel and results in a complete reduction to give piperidine (Scheme 1). Hantzsch esters can also be used to reduce N-heterocyclic compounds but once again over-reduction to give piperidines is fre-quently observed. [1b] While metal hydrides such as lithium aluminum hydride can also be used as reducing agents these species often give a complicated mixture of products including 1,2-dihydropyridine, 1,4-dihydropyridine and 2, 5-dihydropyridine. [1d] In this regard, magnesium hydride species are well-established as efficient and selective stoichiometric reagents for the reduction of pyridine via initial hydride transfer to the 2-position (1,2-insertion) followed by a subsequent non-reversible rearrangement to afford the thermodynamically more stable 1,4-dihydropyridine (Scheme 1). [6] Scheme 1. Selected reductions of pyridine.
While selective catalytic partial reduction of N-heterocycles by hydrogenation, transfer hydrogenation, hydrosilylation, hydroboration, and silaboration is a much more recent development, systems based on transition metals, [7] organolanthanides, [8] and main group metal complexes [9] have already been reported. In general, higher yields are typically obtained in reactions with quinolines and other polyaromatic heterocycles than with pyridines because the aromaticity of the carbocyclic ring is preserved. In contrast, the metal free reduction of pyridine by the selective addition of a non-polar E-B (E = H, Si, B) σ-bond presents an entirely different challenge and has been catalyzed by organoboranes, [10] borenium ions, [10, 11] and frustrated Lewis pairs (FLP); [12] albeit the latter often resulted in complete reduction of the aromatic ring. A pertinent and seminal report by Suginome, Ohmura and co-workers described highly efficient transition metal-free diboration, silaboration and hydroboration of pyrazines to afford N-borylated 1,4-dihydropyrazines and 1,2,3,4-tetrahydropyrazine. [13] While both B2pin2 (pin = pinacolato; 1,2-O2C2Me4) and Me2ClSiBpin added to pyrazines at room temperature with high selectivity for 1,4-addition, the corresponding reaction with HBpin resulted in double hydroboration to give N, N'-diboryl-1,2,3,4 -tetrahydropyrazine due to a rapid second hydroboration. This system was proposed to operate by coordination of one of the nitrogen atoms of the pyrazine to the Lewis-acidic boron atom which activates the E-B (E = H, B, Si) bond towards 1,2-addition (Scheme 2). In the case of E = B and Si, a subsequent isomerization generates the corresponding 1,4-addition product whereas addition of another equivalent of HBpin resulted in a second 1,2-hydroboration to afford the bis-Nborylated 1,2,3,4-tetrahydropyrazine. A similar reductive addition of 4,4'-bipyridines has subsequently been reported using B2pin2. [14] Scheme 2. Possible mechanism for the borylation of pyrazines.
We recently initiated a program to develop novel borylation chemistry and have disclosed the results of our initial studies on the synthesis and reactivity of the phosphinoboronate ester Ph2PBpin (1). [15] The oxygen atoms of the pinacol group reduce the Lewis-acidity of the boron atom which limits the amount of π-donation from the phosphorus atom in 1; suggesting that it should be possible to control and tune the reactivity of phosphinoboronate esters in a rational manner by modifying the extent of π-donation to boron. Preliminary reactivity studies demonstrated that 1 adds readily to aldehydes, ketones, aldimines and α,β-unsaturated esters to give the corresponding 1,2-addition products. While interest in the structure, [16] FLP chemistry, [17] and transition metal coordination chemistry [18] of phosphinoboron compounds is beginning to escalate, relatively little is known about their use in reduction chemistry. [19] To this end, we are aware of related studies which involve either the regio-and stereospecific aminoboration of vinylarenes using a copper-catalyzed borylation with B2pin2 followed by an electrophilic amination with an O-benzoyl-N,N-dialkylhydroxylamine, [20] or the gold-catalyzed direct aminoboration of alkynes in the synthesis of 3-borylated indoles. [21] Our recent efforts in this area have been directed towards exploring the phosphinoboration-based reduction of aromatic N-heterocycles and herein we report that 1 undergoes facile B-N and P-C bondforming reduction of a range of N-heterocycles to afford either 1,2-or 1,4-dihydropyridines; possible pathways for this transformation have been explored by DFT calculations.
Results and Discussion
Our initial disclosure reported the synthesis of 1 from the stoichiometric reaction between lithium diphenylphosphide and 2-isopropoxy-4,4,5,5,-tetramethyl-1,3,2-dioxoborolane in toluene. Since this study we have developed an alternative synthesis for 1 based on the reaction between Ph2PSiMe3 and ClBpin which gives a near quantitative yield of the desired product after only 15 mins at room temperature; this method is practical, straightforward and will lend itself to diversifying this class of compound. In addition to reacting with aldehydes, ketones, aldimines and enones, compound 1 also adds readily to pyridine at room temperature, without the aid of a catalyst or additional base, in either toluene or chloroform with selective and exclusive 1,4-addition to afford compound 2 (Scheme 3). [15] Monitoring the reaction by multinuclear NMR spectroscopy failed to show either the initial adduct or any of the 1,2-addition product. This result was not entirely unexpected as Marder, Norman and co-workers have previously shown that binding of Lewis bases to B2cat2 (cat = 1,2-O2C6H4) is reversible and rapid on the NMR time-scale; [22] in this regard, the use of strong bases to active B-B bonds has been the subject of considerable interest in organic synthesis. [23] The resulting phosphinopyridine compounds are well-known ligands in coordination chemistry. [24] Scheme 3. The phosphinoboration of pyridine.
The 11 B NMR spectrum of a reaction conducted in chloroform contains a major broad signal at δ 24 ppm associated with 2 while a minor resonance at δ 7 ppm, which is visible only during the reaction, is consistent with the boronium cation [(py)2Bpin] + (py = pyridine) (Scheme 4; 3) as it appears in the region reported by Li, Wang and co-workers and is close to the calculated value of 4.6 ppm. [10] Although it is likely that this cation is in equilibrium with the borenium cation [(py)Bpin] + and a molecule of non-coordinated pyridine (ΔG = 11.5 k cal mol -1 ), no evidence for this three-coordinate species was observed by 11 B or 1 H NMR spectroscopy. The counterpart anion for these boronium and borenium cations in this present study must rationally be either a solvated form of PPh2 -or the very weakly coordinating Lewis acidbase adduct [B(PPh2)2pin] -, neither of which were observed by 31 P NMR spectroscopy, even at low temperatures. As stated above, Marder, Norman and co-workers have demonstrated that Lewis base adducts of three-coordinate boron compounds are often in rapid equilibrium and not observed spectroscopically. [22] Interestingly, both the related boronium and borenium cations derived from the addition of NHCs (N-heterocyclic carbenes) to diboron(4) compounds were observed using high resolution mass spectrometry. [23l] As these phosphinoborations also occur in non-polar solvents, such as benzene and toluene, it is unlikely that these reductions proceed without a stabilized diphenylphosphide anion and the lack of evidence for this species suggests the reaction may occur via an alternative intermediate in these solvents (vide infra). In an attempt to gain evidence for the formation of this anion the reaction between LiPPh2 and 1 was monitored and the resulting adduct Li + [B(PPh2)2pin] -(4) was detected as a broad peak around -42 ppm in the 31 P NMR spectrum (ν1/2 = 1 ppm in THF-d8/hexanes at room temperature) along with significant amounts of Ph2P-PPh2. The signal corresponding to 4 remained broad even at -50 o C (δ -38 ppm) and the same fluxional behavior was observed in reactions carried out in other solvents (CDCl3, toluene, etc) across a range of temperatures. A detailed discussion of the fluxional nature of anionic adducts of B2pin2 has recently been published. [23e] Compound 4 decomposed slowly at room temperature to give considerably greater amounts of degradation product Ph2P-PPh2. Curiously, for reactions between LiPPh2 and 1 there was no observable change in the 11 B NMR spectrum. [22] In addition, the 1 H NMR spectrum of 4 contained a single set of aromatic hydrogen atoms, even at low temperature, further suggesting that [B(PPh2)2pin] -might be in rapid equilibrium with uncoordinated 1 and the free diphenylphosphide anion. The equilibrium between LiPPh2 . 3THF and Ph2PBpin to afford Li[B(PPh2)2pin] . 2THF has also been investigated by DFT at the wb97xd/6-31g++(d,p) level of theory with tetrahydrofuran as solvent (PCM). Under these conditions adduct formation is thermodynamically favored by +2.5 kcal mol -1 , however, we appreciate this is a simplified model in terms of THF coordination and extent of aggregation and further computational studies are currently underway to explore this process in more detail.
Scheme 4. Potential generation of boronium and borenium salts derived from 1.
The reaction between 1 and substituted pyridines was next explored to establish the scope of this reduction (Table 1) . Addition of 1 to 2-methylpyridine (entry 2) also gave the corresponding 1,4-addition product, 5, albeit the reaction was significantly slower and complete conversion of the starting pyridine could not be achieved, presumably due to the steric congestion caused by the neighboring methyl group.
Conversely, addition of 1 to 3-methylpyridine also proceeded smoothly in toluene with selective formation of 1,4-addition product 6 in high yield (entry 3); the composition and connectivity of this product has been unequivocally established by a single-crystal X-ray structure determination ( Figure 1a ) and the bond distances and angles are in agreement with related structures. [15] (a) (b) Figure 1 . The molecular structures of 6 (a) and 12 (b) with probability ellipsoids drawn at 50% and hydrogen atoms omitted for clarity.
Interestingly, reaction of 1 with 4-phenylpyridine (entry 4) in toluene occurred cleanly and with high selectivity to afford 7 as the only new reduction product, with a conversion of 74%.
Not surprisingly, there was no evidence for the formation of the corresponding boronium cation for reactions carried out in toluene or other non-polar solvents as they are unlikely to stabilize the boronium ion; as such reactions conducted in toluene may preferentially occur via concerted PPh2 transfer to afford products of 1,2-addition (vide infra). In contrast, the boronium cation was detected using 11 B NMR spectroscopy in reactions of 1 with 4-phenylpyridine carried out in chloroform where the polar nature of the solvent would be expected to favor the formation of this salt. However, only minor amounts of the 1,2-addition product (~5%) were observed in reactions using chloroform suggesting that 1,2-addition may occur via a more traditional and competing pathway that does not involve the borenium or boronium cation. 13 C NMR spectroscopy was a valuable probe for determining the regio-doublet between 55-59 ppm whereas the corresponding resonance for the 1,4-addition products were shifted up-field to 34-47 ppm. In addition, while the 1 H NMR spectra of the 1,4-addition products typically contain a single resonance for the diastereotopic methyl groups of the Bpin fragment their 1,2-addition products exhibit two distinct well-separated signals.
The reaction of 1 with 4-methylpyridine gave several products, including decomposition of the starting phosphinoboronate ester, which could not be isolated.
The reaction between 1 and 4-dimethylaminopyridine (DMAP) was particularly interesting as it failed to give any addition product whatsoever, regardless of the choice of solvent. Indeed, reaction of 1 with DMAP in non-polar solvents such as toluene or benzene gave the corresponding adduct Ph2PB(DMAP)pin (8) could be isolated, compound 10 could only be characterized in situ by 1 H and 31 P NMR spectroscopy and decomposed within 24 h at room temperature to give the commonly observed Ph2P-PPh2 as the major phosphorus-containing compound, along with a number of unidentified organic products. Compound 11 was isolated in near quantitative yield (ca. 99%) and spectroscopic data and elemental analysis are consistent with the formulation [(DMAP)2Bpin] + Br -. The 11 B NMR spectrum contained a singlet at 5.2 ppm, which is similar to that observed in reactions of 1 with pyridine (cf. 7 ppm). While all attempts to grow single crystals for an X-ray diffraction study were unsuccessful, formation of 11 in this reaction together with the observation of phosphide transfer provides evidence that boronium salts may play a significant role in the phosphinoboration of N-heterocycles. In this regard, an elegant study by Ingleson and co-workers has shown that related borenium and boronium salts can both be used to effectively facilitate the haloboration of alkynes to give tetrasubstituted al-
Scheme 5. Reaction of 1 with (a) DMAP and (b) 1-benzylpyridin-1-ium bromide in the presence of DMAP.
The phosphinoboration of quinoline was unique in that it was the only substrate to give a mixture of 1,2-and 1,4-addition products (entry 5). The product distribution depended markedly on the solvent with 1,2-addition to give 12 being favored in toluene (85:15) and other non-polar solvents while the 1,4-addition product 13 was obtained as the major species in polar solvents such as chloroform (15:85) . Unfortunately, all attempts to separate these addition products proved unsuccessful and product ratios had to be determined using 1 H NMR spectroscopy. Such a solvent dependent product distribution may reflect different pathways, i.e. a concerted or radical process versus a boronium-activated pyridine. Alt-hough spectroscopic data for 12 were entirely consistent with a 1,2-addition product a single-crystal X-ray study was undertaken to confirm the composition and connectivity ( Figure   1b ). The spectroscopic data for 12 had to be obtained in benzene as partial isomerization to its 1,4-dihydroquinoline counterpart 13 occurred in chloroform over the timescale of the experiment; thus, 12 is identified as the kinetic product while 13 is the thermodynamic adduct. Indeed, reactions carried out in chloroform gave initial formation of both addition products, as observed by 1 H NMR spectroscopy, and 1 was entirely consumed within 2 h at room temperature. However, monitoring the reaction over time (10 h) showed the relative amount of 12 decreased while 13 increased, yet all attempts to generate 13 exclusively proved unsuccessful. As a result, the structures of 12 and 13 have been optimized by DFT
at the wb97xd/6-311g(2d,p) level of theory with chloroform as solvent (PCM) and the latter was determined to be thermodynamically favored by 2 kcal mol -1 ; this is entirely consistent with the equilibrium population measured after isomerization. On the basis of preliminary DFT calculations we believe that 12 isomerizes via dephosphinoboration followed by readdition to afford a mixture of products rather than via a concerted 1,3-PPh2 migration, as this has a much higher energy barrier. To this end, support for reversible phosphinoboration was obtained by addition of benzaldehyde to chloroform solutions of all new P-C and N-B containing products which gave PhC(PPh2)(OBpin)H [15] together with starting N-heterocycle.
However, attempts to use this reversibility to affect the phosphinoboration of phenylacetylene, akin to the analogous hydrosilations reported by Oestreich, [27] have so far proven unsuccessful.
The phosphinoboration of 2-methylquinoline occurs slowly with selective formation of 1,4-dearomatized product 14 (entry 7), however, complete conversion of the starting material required 8 days. The composition of 14 was unequivocally established by a single-crystal Xray structure determination and a perspective view of the molecular structure is shown in Figure 2a . In contrast, the reaction between 1 and isoquinoline in toluene proceeded cleanly and rapidly with selective formation of 15 (Figure 2b ), as 1,4-addition is not possible with this substrate (entry 8). Reaction of 1 with 1,10-phenanthroline in toluene (entry 9) occurred selectively to afford 1,4-addition product 16 in 83% isolated yield. However, in comparison to the products derived from the 1,4-phosphinoboration of pyridine and quinoline, which contain a characteristic resonance at 22-24 ppm in the 11 B NMR spectrum, the corresponding resonance for 16 appears at 10.5 ppm; this is in the region more typical of a fourcoordinate boron environment and most likely associated with intramolecular coordination of the remaining pyridine nitrogen to afford a six-membered ring. [23] The structure of 16 has been optimized by DFT at the wb97xd/6-31g(d,p) level of theory and the calculated chemical shift of 9.0 ppm for the four-coordinate boron matches that noted above. Interestingly, reaction of 1,10-phenanthroline with two equivalents of 1 did not result in reduction of the other pyridine ring, even after prolonged reaction times.
The facile and selective phosphinoboration of acridine to afford 1,4-addition product 17 in 73% yield was less surprising due to the electronic stabilization of the two aromatic annulated rings (entry 10) and bears a close similarity to the borenium ion catalyzed 1,4-reduction of acridine with HBpin developed by Crudden and co-workers. [11a] In addition, phosphinoboration of phenanthridine also resulted in selective formation of the 1,2-dearomatized isomer 18 in 89% yield (entry 11). Unfortunately, all attempts to monitor reactions of these bulkier N-heterocycles using variable temperature NMR spectroscopy failed to show any evidence for
The molecular structures of 14 (a) and 15 (b) with probability ellipsoids drawn at 50% and hydrogen atoms omitted for clarity.
Finally, the addition of phosphinoboronate ester 1 to pyrazine and pyrimidine exhibited markedly different reactivity (Scheme 6). For example, pyrazine reacted with two equivalents of 1 to afford the diborylated reduction product 19 in 68% conversion, together with concomitant formation of stoichiometric Ph2P-PPh2. Compound 19 has previously been prepared via transition metal free diboration of pyrazine. [13] Similar to this previous study, addition of 1 to pyrazine presumably proceeds via a double 1,2-addition followed by reductive coupling of the phosphide groups to give 19 and Ph2P-PPh2. In contrast, pyrimidine readily reacted with two equivalents of 1 to afford a solvent-dependent mixture of two products. The major isomer, which exhibited singlets at -9.8 and -18.7 ppm in the 31 P NMR spectrum, was generated in reactions carried out in diethyl ether. The minor product appeared as a pair of doublets in the 31 P NMR spectrum at -14.6 and -21.4 ppm, with a coupling constant of 135 Hz. At this stage, we tentatively suggest that these products correspond to the two possible diastereoisomers that would result from the introduction of two stereocenters. While our initial attempts to separate these products have not been successful a single-crystal X-ray analysis confirmed that one of these was the double phosphinoboration product 20anti which contains one axial and one equatorial phosphine (Scheme 6, Figure 3) ; this was also shown to correspond to the major diastereoisomer in the 31 P NMR spectrum. The minor product is presumably the less stable syn-diastereoisomer (20syn) which would suffer greater steric interactions between the equatorial PPh2 on C2 and the two adjacent Bpin fragments. Indeed, DFT calculations at the wb97xd/6-311g(2d,p) level of theory confirm that the diastereoisomer shown in Figure 3 is more stable than its C2-equatorial PPh2 counterpart by ca. 9.4 kcal mol -followed by a subsequent 1,2-addition as both pathways would generate the same product. of a turnover limiting 1,2-addition of a La-H bond to pyridine in a related lanthanidecatalyzed 1,2-dearomatization, [8] and involves a concerted 1,2-addition (C=N insertion) to afford the kinetic product 2', followed by 1,3-PPh2 migration to afford the thermodynamic isomer.
Preliminary calculations on the borenium-and boronium-based pathways for direct 1,4-addition were performed at the wb97xd/6-31g++ at the wb97xd/ 6-31g++(d,p) and wb97xd/ 6-311g++(2d,p) levels of theory as the LUMO of the former corresponds to the C-N π* of the boronium coordinated pyridine whereas in the latter it is a p-orbital localized on the para carbon atom. To ensure consistency in comparison, we have used results obtained at the wb97xd/ 6-31g++(d,p) level of theory for all structures investigated in this pathway. borenium ion. [26] A weaker donor acceptor interaction between the N-C based π-orbital and the boron-based p-orbital provides 10 kcal mol -1 of additional stabilization. While it is also entirely reasonable to consider a borenium/boronium-based pathway for 1,2-addition on the basis of the C2 centered LUMO in [(quinoline) 2Bpin] + (Figure 5d ), a potential energy scan to explore the influence on energy of elongating a P-B bond in Ib identified an alternative potential pathway for 1,2-addition (Scheme 7) involving intramolecular transfer of PPh2 to the 2-position of a boron-activated pyridine via a 6-centered boat-like transition state TSIb-Ie (activation barrier +9.4 kcal mol -1 ) and a six-membered chair-like local minimum 1e, which lies 6.3 kcal mol -1 lower in energy than TSIb-Ie ( Figure 6 ). Moreover, NBO analysis of Ib reveals that the LUMO is also the C-N π* orbital of the boron-coordinated pyridine with 63% carbon character and 37% nitrogen character (π*CN = 0.792(sp 2.5 )C + 0.610(sp 1.5 )N) and orientated appropriately for intramolecular nucleophilic attack by PPh2 (Figure 7a ). The free energy barrier of 9.4 kcal mol -1 for PPh2 transfer via this pathway is energetically more viable than a concerted 1,2-addition which has a barrier of 29.2 kcal mol -1 (vide infra) and is close to that of 7.8 kcal mol -1 calculated for the lanthanide catalyzed 1,2-hydroboration of pyri-dine. [8] Although we did not observe any 1,2-addition product from the reaction between 1 and pyridine, due to the reversible nature of this process, this pathway may well be responsible for the formation of the 1,2-dearomatized products obtained from the reactions between 1 and 4-substituted pyridines, quinoline, isoquinoline and phenanthridine (Table 1) . Moreover, it is eminently reasonable to propose that this pathway may well be responsible for the predominance of 1,2-addition product obtained in non-polar solvents such as toluene (Table   1 , entry 6) as the boronium pathway is less likely to occur in these solvents; for comparison under identical conditions the 1,4-addition product was obtained as the major species in chloroform.
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. The second pathway to be investigated by DFT was based on a recent report of regioselective organolanthanide-catalysed 1,2-dearomatisation of functionalized pyridines [8] and involves an initial concerted 1,2-addition (C=N insertion) to afford the kinetic product 2' followed by 1,3-PPh2 migration to afford the thermodynamic isomer 2 (Scheme 8). Calculations for this study were conducted at the wb97xd/6-311g(2d,p) level of theory using the polarisation continuum model to simulate solvation with chloroform ( Figure 8 ). In this pathway, coordination of pyridine to 1 renders the PPh2 nucleophilic and the 2-position of pyridine electro-philic. NBO analysis confirmed that the LUMO of Ia is the C-N π* orbital of the boroncoordinated pyridine, which is accessible for intramolecular nucleophilic attack by PPh2
( Figure 7b) ; this is entirely consistent with the C-N π* based LUMO of [(py)2Bpin] + optimized at the same level of theory (vide infra). Thus, dearomatization would occur via intramolecular nucleophilic attack of PPh2 on C2 via a four-centered transition state (TS1a-2' in Figure 8) with a free energy barrier of 29.2 kcal mol -1 . This barrier is significantly higher than that of 7.8 kcal mol -1 for the intramolecular hydride transfer (1,2-addition) in Cp*2LaH(py)2 to produce Cp*2La-1,2-dihydropyridine [8] and is unlikely to be viable for a room temperature transformation. Similarly, concerted 1,3-migration of PPh2 via TS2'-2 requires a comparable energy barrier of 29.5 kcal mol -1 ( Figure 8 ) and for this reason we are confident that this is not a major pathway for the phosphinoboration of pyridine and its derivatives. The reaction between 1 and quinoline in chloroform has also been explored at the same level of theory and the activation barriers for adduct formation (7.5 kcal mol -1 ) and 1,2-addition (29.6 kcal mol -1 )
are both similar to those for the pyridine system whereas the barrier of 39.9 kcal mol -1 for 1,3-PPh2 migration is approximately 9 kcal mol -1 higher than the corresponding migration in the pyridine system; full details of these calculations are provided in Scheme S3 of the Supporting Information. Interestingly, a comparison of the corresponding reaction coordinate for the reductive phosphinoboration of pyridine and quinoline with toluene solvation (Schemes S2 and S4 in the Supporting Information) suggests that there would not be a significant solvent effect, however, reactions conducted in chloroform were measurably faster than in toluene for both substrates, which also indicates that this pathway is unlikely to be significant.
On the basis of these preliminary computational studies, we believe that of the pathways ex- rather than via intramolecular 1,3-PPh2 migration of the 1,2-addition adduct, which has a significantly higher free energy barrier (ΔG ǂ = 29.5 kcal mol -1 ). However, a particularly insightful and perceptive suggestion by one of the reviewers of this manuscript highlighted the possibility that phosphinoboration may well occur via of a radical-based process and a survey of the literature revealed several recent pertinent papers. For example, pyridine boryl radicals generated by a Lewis base-assisted homolytic cleavage of the B-B σ-bond in diborane are involved in the reduction of azo compounds to hydrazines, [29a] the catalytic borylation of aryl halides, [29b] the metal-free synthesis of 4-substituted pyridines via a novel radical addition/C-C coupling sequence [29c] and the borylative/cyclisation of 1,6-enynes. [29d] Thus, this study will provide a platform to undertake a more comprehensive investigation into the phosphinoboration reaction and, to this end, further studies are currently underway to establish the viability of Ib as a key intermediate in the solvent dependent 1,2-and 1,4-phosphinoboration and future computational investigations will focus on exploring the possibility of a radical based process involving base initiated homolytic cleavage of the P-B bond to generate an active pyridine boryl radical. 
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Conclusions
Phosphinoboronate ester Ph2PBpin (1, pin = pinacolato, 1,2-O2C2Me4) reacts with a number of pyridine derivatives to afford dihydropyridines. Although the vast majority of reactions occur with high selectivity to afford a single regioisomer, quinoline was unique in that a mixture of 1,2-and 1,4-addition was obtained, the composition of which was solvent dependent.
Reactions carried out in non-polar solvents such as toluene favor 1,2-addition while those conducted in polar solvents such as chloroform, which are more likely to stabilize a boronium cation, gave 1,4-addition products. While we have considered a conventional mechanism based on concerted 1,2-addition followed by 1,3-PPh2 migration, preliminary experimental and computational evidence suggests that 1,4-addition may occur via PPh2-transfer from the nucleophilic [B(PPh2)2pin] -anion to a boronium-activated pyridine and that 1,2-addition may occur via intramolecular PPh2 migration in a dimeric phosphido-bridged intermediate. The calculated free energy barriers for a concerted 1,2-addition via four-centered transition state followed by 1,3-migration suggest that this pathway is highly unlikely to be viable under the reaction conditions. Further computational and mechanistic studies are currently underway to (i) obtain a complete energy profile for both borenium and boronium ion catalyzed pathways, (ii) explore the viability of a dimeric phosphido-bridged intermediate such as Ib in 1,2-addition, (iii) investigate the possibility of a radical based mechanism by determining whether homolytic cleavage of the P-B bond in 1 to generate a pyridine-based boryl radical and •PPh2 is possible and (iv) develop a full understanding of the solvent dependent pathways and product distribution. Likewise, we are also investigating the use of these phosphinoborylated products as potential ambiphilic ligands for various transition metals, [28] results of which will be reported in due course.
Experimental Section
General methods and materials
Reagents and solvents used were obtained from Aldrich Chemicals. NMR spectra were recorded on a JEOL JNM-GSX400 FT NMR ( 1 H: 400 MHz; 11 B: 128 MHz; 13 Chemical Laboratories (Guelph, ON). All reactions were carried out under an atmosphere of dinitrogen. Compounds 1, [15] 17 [15] and 19 [13] have been reported previously. To a solution of pinacol (4.02 g, 34 mmol) in cold (0°C) hexane (120 mL) was added 1M BCl3 in hexane (37.4 mL, 37.4 mmol) dropwise over two hours. The cloudy solution was allowed to warm to room temperature and stirred for a further hour before filtered via a cannula to remove the solid by-products. The solvents were removed at room temperature under re-duced pressure (10 mbar) to afford a cloudy oil that was distilled under vacuum (7 mm Hg) to give the desired product as a clear oil (1.82 g, 11.23 mmol, 33%) that was stored under nitrogen at -80 °C. The clear reaction mixture was allowed to warm to room temperature and stirred for 2 hours.
The solvent was evaporated under reduced pressure to yield a white solid (2.885 g, 9.24 mmol, 89%) which was recrystallized by slow diffusion of a toluene solution layered with hexane at -25 °C. The resulting colorless crystals were washed with hexane and stored under nitrogen. [15] Yield: 69%; mp: 69-71 o C. 1 H NMR (CDCl3) , 73.69; H, 7.42; N, 3.44. Found: C, 73.44; H, 7.17; N, 3.60. 1 H NMR (CDCl3) δ: 7.51 (m, 2H, Ar), 7.44 (m, 2H, Ar), (ddd, J = 7.8 Hz, J = 4.1 Hz, J = 0. 9 Hz, 1H, CH), 3.85 (t, J = 4.5 Hz, 1H, CH) 7 (d, JCP = 16.3 Hz), 128.8, 128.4 (d, JCP = 4.8 Hz), 127.9, 127.6, 127.5 (d, JCP = 6.7 Hz) 7.43; N, 6.45. Found: C, 68.78; H, 7.32; N, 6.72 126.7, 105.7, 82.8, 37.9, 25.1; 31 and quinaldine (46 mg, 0.32 mmol) in dichloromethane (5 mL) was stirred for 8 days. The solvent was removed under vacuum and hexane (5 mL) was added. , 73.48; H, 6.62; N, 3.17. Found: C, 73.19; H, 6.41; N, 3.56 9 Hz), 125.3, 123.7, 108.6, 83.4, 58.7 (d, JCP = 11.5 Hz), 24.9, 24.5;  31 P{ 1 H} NMR (CDCl3) δ: -6.8 (s). ometer. A hemisphere of data was collected on a Bruker AXS P4/SMART 1000 diffractometer using  and  scans with a scan width of 0.3  and 10 s exposure times. The detector distance was 5 cm. The data were reduced (SAINT) [31] and corrected for absorption (SADABS). [32] The structure was solved by direct methods and refined by full-matrix least squares on F 2 (SHELXTL) [33] . All non-hydrogen atoms were refined using anisotropic displacement parameters. Hydrogen atoms were included in calculated positions and refined using a riding model. port with the DFT calculations and NBO analysis and anonymous reviewers are thanked for their very helpful comments.
Synthesis of 4-(diphenylphosphino
